Physiological angiogenesis depends on the highly coordinated actions of multiple angiogenic regulators. CCN1 is a secreted cysteine-rich and integrin-binding matricellular protein required for proper cardiovascular development.
INTRODUCTION
CCN1 is a member of the Cysteine-rich protein 61/Connective tissue growth factor/Nephroblastomaoverexpressed (CCN) family of secreted matricellular proteins. CCN1 protein expression is critical for successful cardiovascular development and embryonic viability (Mo and Lau, 2006) . CCN1-null embryos were defective in vessel bifurcation at the chorionic plate, leading to a paucity of sprouting vessels that penetrate into the labyrinth and thus, an undervascularized placenta. In adults, the expression of CCN1 is associated with sites of angiogenesis and inflammation, such as in wound healing, arthritis, tumors, and vessels damaged by angioplasty or atherosclerosis (Brigstock, 2003; Lee et al., 2007) .
CCN1 is encoded by an inducible immediate-early gene, which is transcriptionally activated when responsive cells are stimulated with growth or mechanical factors (Chaqour, 2013; Huang et al., 2007) . The encoded protein is organized into four conserved modular domains that contain binding sites for integrins including  and , heparan sulfate proteoglycans, growth factors and extracellular matrix (ECM) proteins (Holbourn et al., 2008; Jun and Lau, 2011) . Through interactions with these molecules, CCN1 modulates cell adhesion, migration, proliferation, differentiation and even cell lineage commitment (Hasan et al., 2011; Yang et al., 2008) . In the rabbit ischemic hind limb and rat cornea models, CCN1 promotes microvessel growth and improves collateral blood flow to an even larger extent than vascular endothelial growth factor (VEGF) (Hinkel et al., 2014; Rayssac et al., 2009 ). However, several key questions remain unanswered including how this protein regulates vascular cell function and behavior in vivo.
VEGF is a potent, diffusible, endothelial-specific mitogen that is released in response to hypoxia and upon binding to the VEGF receptor 2 (VEGF-R2), expressed by the vascular endothelium, elicits angiogenesis (Bautch, 2012) . Similarly, the pathologic transformations of the retinal vasculature seen in intraocular vascular disease are associated with increased expression of and signaling through VEGF-R2 (Lutty et al., 2006; Miller et al., 2013) .
Vascular growth and morphogenesis are initiated, at least in part, by VEGF-derived signals and ECM-integrincytoskeletal signaling which promote simultaneous sprouting (i.e., cord formation) and luminogenesis of endothelial cell (EC)-lined tubes (Bautch, 2012) . In both normal and pathological angiogenesis, sprouts are headed by migrating endothelial tip cells, which signal to their adjacent stalk ECs to downregulate their tip cell markers through Notch-mediated lateral inhibition (Siemerink et al., 2013) . The VEGF/Notch pathways establish an adequate ratio between stalk and tip cell populations (Lobov et al., 2007) . However, despite the prominent role of VEGF and Notch, their signaling mechanisms are context-dependent suggesting that additional modulators and potential targets are yet to be identified (De et al., 2013) .
Here, we provide the first evidence that CCN1 regulates tissue-stage-specific functions during retinal vascular development. We uncovered unique sets of relevant genes targeted by CCN1 and identified a CCN1-based mechanism critical for the coordinated regulation of retinal vascular network formation.
RESULTS

CCN1 expression is associated with angiogenic cell behavior
To determine the spacio-temporal pattern and site of action of CCN1 during retinal vessel development, we used a CCN1:GFP reporter transgenic mouse line in which the GFP reporter gene was placed downstream of a large CCN1 promoter segment. As shown in Fig. 1A , both endogenous CCN1 and GFP transcript levels increased progressively between P0 and P12 during the budding of superficial vessels and when the secondary deep layers of the retinal vasculature grow radially outward toward the inner nuclear and outer plexiform layers of the retina. CCN1 and GFP mRNA levels then progressively declined and became barely detectable at postnatal day (P) 24 when the retinal vasculature was completely formed. In situ hybridization showed that signal with an antisense CCN1 probe was associated with the vasculature (Fig. 1B) . Immunostaining with a CCN1 antibody showed that CCN1 localizes pericellularly (Fig. 1C ) probably due to its strong heparin-binding activity which is consistent with previous data (Latinkic et al., 2001) . At P1, GFP localized in the leading tip cells that possess numerous filopodia but also in the trailing stalk ECs in IB4-stained retinas (Fig. 1D,E) . At subsequent developmental stages (e.g., P5), CCN1: GFP expression became increasingly enriched in and restricted to the cells of the advancing vascular front (Fig. 1F ). CCN1:GFP signal then became barely detectable in the completely formed vessels following pericyte recruitment and basement membrane formation although the signal persists in large veins but not in the arteries. CCN1: GFP expression reappeared again when the capillary beds begin to grow out from the superficially formed capillaries in the plexus (Fig. 1G ). NG2-positive pericytes exhibited little GFP fluorescence which was undistinguishable from endothelial GFP given their abluminal localization (Fig. 1H) . Neither glial fibrillary-acidic protein (GFAP)-nor IBA-1-postive microglial cells appeared to express the CCN1:GFP transgene (Fig. 1,I ,J) suggesting that CCN1 expression is largely associated with the angiogenic phenotype of ECs.
Defects in retinal vessel migration, density, and morphology in EC-specific CCN1-deficient mice
To examine the function of endothelial CCN1, we generated mice with EC-specific deletion of CCN1 by combining the Cdh5(PAC)-CreER T2 allele with CCN1 flox (supplementary material Fig. S1A Fig. 2A,B) .
Tamoxifen-induced recombination in the retinal endothelium resulted in severe vascular defects including formation of a dense immature network lacking a normal hierarchical organization of blood vessels ( Fig. 2A ,B,C).
Enlargement and apparent coalescence of retinal vessels were evident causing loss of specific features of vascular architecture in iEC -/-mice. A relatively high recombination efficiency (65 + 21%) was uniformly associated with these vascular defects while lower efficiencies (<25%) resulted in a wild-type-like vascular phenotype. The iEC -/-mutant mouse retinas displayed a striking vascular dysmorphology as all types of blood vessels were enlarged and anastomosed randomly with each other. Percentage of the area covered by vessels and branching index were significantly increased after loss of CCN1 suggesting severe defects in vascular remodeling (Fig. 2D,E) .
Conversely, vessel lacunarity, the distribution of gaps/lacunae surrounding blood vessels (Gould et al., 2011) , was significantly diminished suggesting altered vessel morphogenesis and tubulogenesis. At P8, the progression of the vascular plexus to the retinal periphery was markedly delayed in iEC -/-mouse retinas as compared with agematched control retinas (Fig. 2F) . However, retinal ECs of iEC -/-mice associate with GFAP-positive astrocytes in a manner closely resembling wild-type retinas as both showed filopodial alignment along astrocyte processes (supplementary material Fig. S2A ). The expression of fibronectin which is produced largely by astrocytes and accumulates in the vascular front forming a trail-like network that guide migration of the endothelial tip cells (Stenzel et al., 2011) was not significantly altered after endothelial loss of CCN1 (supplementary material Fig.   S2B ). However, fewer NG2-positive pericytes were recruited to the vasculature of iEC -/-mice, providing little mural cell coverage over the enlarged vessels (supplementary material Fig. S3A ). Electron microscopy further showed that while the wild-type mouse capillaries were adequately sized (<10 mm of diameter), covered by a continuous basement membrane and mural cells, those of iEC -/-retinas vessels exhibited an altered morphology with no pericyte coverage and in some cases a collapsed lumen and local edema (Fig. S3B ). An overt extravasation of systemically-injected fluorescein isothiocyanate (FITC)-albumin was observed in iEC -/-retinal vessels compared to the wild-type counterparts (supplementary material Fig. S4A,B) . Thus, loss of CCN1 resulted in a breach of barrier function of retinal vessels.
Loss of CCN1 induces EC hyperproliferation by potentialting VEGF-R2 activation
EC proliferation enables sprout growth in length and diameter and both specification and proliferation of ECs in emerging sprouts are coordinated by the VEGF/VEGF-R2 and Notch signaling pathways. Therefore, we first monitored cell growth within 300-400 μm of the leading edge of the growing plexus using BrdU labeling. BrdUpositive cells at the angiogenic front showed a four-fold increase of retinal EC proliferation in iEC -/-mouse retinas as compared to that of CCN1 +/+ mice (Fig. 3A,B) . The IB4-positive regions in whole mount retinas were appreciably similar to those of type IV collagen immunoreactivity in both iEC -/-and control littermates although empty sleeves of matrix deposits rich in collagen IV were reduced in iEC -/-as compared to control littermates (Fig. 3C,D) . Thus, loss of CCN1 promoted excessive incorporation of ECs into the wall of preformed tubes instead of new sprouts suggesting dysregulated proliferation and remodeling.
Next, we determined the expression pattern of the different isoforms of VEGF and their receptors. VEGF-A, VEGF-B and VEGF-C mRNA levels were not significantly altered upon endothelial-specific CCN1 deletion indicating that increased EC growth was not caused by increased tissue hypoxia or VEGF expression (Fig. 4A ).
The expression of VEGF-R1 and VEGF-R2 was not altered either but VEGF-R3 levels were slightly but significantly reduced in iEC -/-retinas as compared to control retinas ( Fig. 4B ). Immunostaining of whole-retinal mount for VEGF-R3 corroborated the changes observed at the mRNA levels (supplementary material Fig. S5A ,B).
Similarly, transcript levels of VEGF-R3 were significantly reduced in iEC -/-lung tissue, which is particularly kinase that controls EC proliferation and tubulogenesis.
CCN1 induces Src-homology-2-domain-containing protein tyrosine phosphatase (SHP)-1 expression and association with VEGF-R2
We further examined whether and how CCN1 directly influences VEGF-induced EC proliferation. Stimulation of cultured ECs with VEGF induced a rapid but transient expression of CCN1 whose protein levels peaked within 2 h after cell stimulation by VEGF and decreased progressively thereafter (Fig. 5A ). Cell transfection with CCN1 siRNA effectively reduced CCN1 protein levels by 64 to 95%. Stimulation with VEGF significantly increased EC growth rate (Fig. 5B) . Paradoxically, VEGF-induced cell growth was further increased upon inhibition of CCN1 expression by siRNA. Stimulation of the cells with CCN1 alone through adenoviral gene transfer increased cell proliferation ( Fig. 5C ). However, EC growth was significantly reduced upon adenovirus-mediated co-expression of the CCN1 and VEGF genes suggesting that CCN1 expression potentiates the mitogenic activity of VEGF.
Analyses of VEGF-R2 tyrosine kinase activity showed that phosphorylation at the Y1175 site of the kinase domain of VEGF-R2 was enhanced upon CCN1 suppression by siRNA in VEGF-stimulated cells while phosphorylation at the Y1214 site was reduced suggesting that CCN1 differentially affected VEGF-R2 downstream signaling (Fig. 5D ).
VEGF-R2 phosphorylation is regulated by members of the Src-homology-2-domain-containing protein tyrosine phosphatase (SHP) family of phosphatases (Nakamura et al., 2008) . Dephosphorylation of VEGF-R2 at Y1175 is mediated by SHP-1, but not by SHP-2, another phophatase of the SHP family. We determined the effects of CCN1 on the expression pattern of SHP-1 and SHP-2 in ECs. Adenovirus-mediated overexpression of CCN1 induced a nine-fold increase of SHP-1 mRNA levels but had no effects on those of SHP-2 (Fig. 5E ).
Stimulation of cells with VEGF did not significantly affect SHP-1 levels. However, siRNA-mediated suppression of CCN1 markedly reduced SHP-1 protein levels in VEGF-stimulated cells (Fig. 5F ). SHP-1 activity which is regulated by both tyrosine and serine phosphorylation (Bhattacharya et al., 2008) , was measured by immunoprecipitation and phosphatase assay. As shown in Fig. 5G , SHP-1 activity was significantly reduced upon suppression of CCN1 in VEGF-stimulated cells. The association of SHP-1 with VEGF-R2 was further determined by immunoprecipitation and Western blot analysis in cells stimulated with CCN1 and/or VEGF. As shown in Fig.   5H , SHP-1 co-precipitated by both VEGF-R2 and CCN1 in cells co-expressing both CCN1 and VEGF. VEGF alone did not induce a detectable association of SHP-1 with VEGF-R2 suggesting that CCN1 acts, at least in part,
by increasing the expression, activity and recruitment of SHP-1 to the VEGF-R2. In addition, neutralizing antibodies to 1 integrin abolished SHP-1 recruitment to the VEGF-R2 and the formation of the complex with CCN1 suggesting that SHP-1 activity is dependent on CCN1 signaling through 1 integrin binding.
We further determined the effects of EC-specific deletion of CCN1 on SHP-1 protein levels and activity in the retina. As shown in Fig. 5I -K, loss-of-CCN1 function was associated with 60% and 40% reduction of SHP-1 protein levels and activity respectively as compared to control CCN1 +/+ mouse retinas. In transverse sections of retinas from CCN1 +/+ mice, SHP-1 colocalized with EC endomucin, a typical endothelial marker, as well as in ganglion cell and outer nuclear layers (supplementary material Fig. S6 ) (Lyons et al., 2006) . Immunostaining with antibody against P-SHP-1, the active Y536 phosphorylated form of SHP-1, was predominantly associated with ECs while little of no immunostaining was found in other cell types in control mouse retinas. P-SHP-1 immunostaining was either weak or undetectable in retinas from iEC -/-mice further confirming that loss of CCN1 reduced SHP-1 expression in the endothelium. In agreement with previous reports (Pei et al., 1994) , SHP-1 was catalytically inactive in the outer nuclear and ganglion cell layers as a consequence of Src homology 2 domain-mediated auto-inhibition. Thus, SHP-1 acts as a downstream target of CCN1 in the endothelium during retinal vascular development.
Endothelial-specific deletion of CCN1 altered Rho GTPase activation and MAPK signaling cascades
VEGF signaling regulates EC polarization and Rho GTPase-dependent non-muscle myosin-induced cell shape changes required for vessel luminization (Strilic et al., 2009 ). Thus, we determined whether enlargement and apparent coalescence of retinal vessels in CCN1 mutant retinas was concomitant with changes in the activation state of monomeric G-proteins Cdc42/Rac1/RhoA and their upstream and downstream signaling regulators. As shown in Fig. 6A ,B, RhoA GTPase was weakly activated in control retinas and its activated form was further reduced in iEC -/-mutant retinas. This is consistent with the notion that RhoA activity must be suppressed during vascular lumen formation allowing for reduced internal cell contractility and for ECs to flatten and lumen morphogenesis to occur (Koh et al., 2009 Immunostaining of transverse sections of retinas from control and iEC -/-mutant mice showed that the active Cdc42-GTP was intensely localized within endothelial tubes of CCN1 mutant mice (Fig. 6I) . Meanwhile, Rho
GTPases are directly regulated by the adaptor protein ras-interacting protein 1 (Rasip1) involved in cell spreading and its interacting partner Rho GTPase-activating protein 29 (ArhGAP29). In iEC -/-mouse retinas, the levels of Rasip1 and ArhGAP29 were markedly increased (Fig. 6G,H) . Rasip1, which is a specific endothelial marker, is an immediate specific target of VEGF-R2 signaling as Rasip1 expression has been shown to be undetectable in VEGF-R2 null embryos that lack ECs (Xu et al., 2011) . Rasip1 reduces the activity of Rho GTPases in part by recruiting Arhgap29 (Xu et al., 2009) . Furthermore, the active phosphorylated forms of key GTPase effector kinases such as pPak4 (activated by Cdc42), pPak2 (activated by Rac1 and Cdc42) and P-Erk1/2, were increased in iEC -/-retinas as compared to those of CCN1 +/+ mice ( 
CCN1 regulates Dll4/Notch Signaling
VEGF signaling also regulates phenotypical plasticity of ECs through inter-endothelial signaling via Dll4 and Notch (Erber et al., 2006) . Endothelial deletion of CCN1 resulted in a 2.1-fold increase of the number of endothelial tip cells located at the retinal vascular edge as compared to wild-type control retinas (Fig. 7A,B) . Dll4
immunostaining was localized in tip cells but also visible in adjacent stalk cells at the advancing front of the vascular edge defined as the distal 20% of the vascular plexus (Fig. 7C ). Dll4 protein distribution showed a typical sparse localization within the cytoplasm and along the edge of tip and stalk cells of retinal vessels. In contrast, Dll4 signal was conspicuously reduced or absent in tip and stalk cells at the edge of the growing plexus of iEC -/-mice where retinal vessels coalesced into large flat sinuses (Fig. 6C,D) . These changes were recapitulated in lung tissue as both the expression of Dll4 and the Notch target genes hairy and enhancer of split 1 (Hes1), hairy and enhancer of split related-2 (HERP-2/Hey-1) and EpHB4 significantly decreased in the tissue from iEC -/-versus CCN +/+ mice (supplementary material Fig. S5D ). Thus, reduction of Dll4 expression and hyperproliferation of ECs in iEC -/-mice are consistent with reduced Notch 1 signaling upon endothelial inactivation of the CCN1 gene.
In cultured ECs, CCN1 suppression by siRNA significantly reduced VEGF-induced Dll4 expression (supplementary material Fig. S7A ). Concordantly, cultured ECs plated on a CCN1-coated surface showed a strong Dll4 upregulation at both the mRNA and protein levels while no significant Dll4 increase was found upon cell adhesion to either type IV collagen or fibronectin (supplementary material Fig. S7B,C,D) . Similarly, Notch activity as determined using the RBP-jk luciferase Notch-reporter, was significantly increased (4.3-fold) in cells stimulated with Ad-CCN1 as compared to those stimulated with the control Ad-GFP (supplementary material Fig. S7E ,F). Under these same conditions, the endogenous expression of Dll4 and Notch targets, Hes1 and Hey1 genes was upregulated in Ad-CCN1 versus Ad-GFP expressing cells. Cell treatment with function blocking antibodies to integrin subunits, showed that Notch reporter activity was significantly reduced in the presence of anti-1, anti-3
and anti-v3 neutralizing antibodies indicating that CCN1-binding to several integrin subtypes induced Notch pathway activation (supplementary material Fig. S7F ). Thus, the establishment of a properly patterned vascular tree is, at least in part, dependent on CCN1-integrin signaling during sprouting angiogenesis in the retina.
DISCUSSION
The ECM is composed of various bioactive molecules with potential functions in the onset and/or termination of angiogenesis. Studies aimed at unraveling the effects of specific ECM proteins on the behavior of ECs and the shaping of the vascular network could conceivably identify new therapeutic targets in the ECM and substantially improve existing tools for clinical use in angiogenesis-driven diseases including the preponderant neovascular diseases of the retina (Yan and Chaqour, 2013) . Herein, we show that CCN1 was largely expressed by Whether VE-PTP similarly affects VEGF-R2 phosphorylation during sprouting angiogenesis in the retina is unknown. Nonetheless, the same study also showed that VE-PTP activity was localized to VEGF-R2 of endothelial junctions as its silencing preferentially increased the junctional localization of active VEGF-R2. As SHP-1 has not, thus far, been shown to be confined to specific cellular localization, the action of both phosphatases on VEGF-R2 are likely required for a complete and efficient control of VEGF-R2 activity.
Moreover, our data showed that the formation of the VEGF-R-SHP-1 complex was not constitutive but rather it required CCN1 interaction with integrin 1. Of the 22 currently recognized integrin heterodimers, at least seven (v3, v5, v1, 11, 21, 31, and 51) are expressed by ECs and have been implicated in vascular morphogenesis (Hynes and Bader, 1997) . In particular, 1 integrin was shown to be a negative regulator of proliferation (Yamamoto et al., 2015) and its loss led to disruption of arterial EC polarity and lumen formation, vessel branching abnormalities and formation of hemorrhaging vessels (Zovein et al., 2010) showed that Dll4 protein expression in retinal tip cells is only weakly modulated by VEGF-R2 signaling (Benedito et al., 2012) . Reversibly, Notch inhibition had no major impact on VEGF-R2 expression and perturbed endothelial sprouting and proliferation even in the absence of VEGF-R2. The same study emphasized a rather important role of VEGF-R3 in the regulation of sprouting of ECs with low Notch signaling activity. Another study by Zarkada et al demonstrated that genetic ablation of VEGF-R2 alone or in combination with VEGF-R3 prevented the increase of vascular density induced by Notch activation suggesting that VEGF-R2 but not VEGF-R3 is required for the hypersprouting that occurred in the absence of Notch activation (Zarkada et al., 2015) . In this same study, VEGF-R2 was required independently of VEGF-R3 for endothelial Dll4 up-regulation and angiogenic sprouting, and for VEGF-R3 function in angiogenesis. Discrepancies among these observations reported by different groups of investigators may largely be due the different approaches used to examine the functions of individual VEGF receptors and the dose-dependent effects of receptor functions. Of particular interest, increased Dll4 was observed in VEGF-R2-deficient mouse endothelium after Notch inhibition suggesting that additional factor (s) is (are) involved (Zarkada et al., 2015) . This is consistent with the independent action of CCN1 on the activation of Dll4/Notch signaling. However, a separate study by Stenzel et al has also identified laminin alpha 4 as a regulator of tip cell specification (Stenzel et al., 2011) . Thus, the action of CCN1 and laminin alpha 4 may be coordinated both temporally and spatially to modulate Dll4 expression and Notch 1 activity during the highly dynamic process of inter-endothelial cell communication.
Taken together, these studies suggest that CCN1-EC crosstalk controls, directly via integrin signaling and indirectly by fine tuning VEGF signaling, the phenotypical plasticity of ECs and vessel morphogenesis. This information could be useful for the design of therapeutic approaches to treat neovascular diseases of the eye.
MATERIALS AND METHODS
Mice
GENSAT Tg(Cyr61-EGFP)HA63Gsat (015210-UCD) mice referred to herein as CCN1:GFP mice carrying 
Generation of the CCN1 conditional allele
Mice with endothelial-specific deletion of CCN1 were generated by cross-breading CCN1 flox/flox with Cdh5 (Fig. S1-A) . Recombination levels in iEC -/-mice as compared to CCN1 +/+ were determined as described previously (Kim et al., 2013) .
RNA in situ hybridization
Eyes were fixed in 4% paraformaldehyde (PFA) for 2 minutes and dissected in phosphate buffered saline (PBS).
Retinas were flattened and fixed in 100% ice-cold methanol for 16 hours. Retinas were further fixed in 4% PFA for 10 minutes and washed in PBS before digestion for 10 minutes in proteinase K (80 g/ml). In situ hybridization was performed using denatured CCN1 RNA probes as previously described (O'Brien and Lau, 1992) .
Bromo-2-deoxyuridine (BrdU) incorporation assay
BrdU was administered at 10 mg/kg intraperitoneally at P5. For BrdU labeling, retinas were digested with Proteinase K (10 g/ml), fixed in 4% PFA, treated with DNase I (0.1 U/ml) for 2 hours at 37 ○ C, and incubated with anti-BrdU antibody (BD Pharmingen). ECs were visualized by staining with isolectin B4 A568 (Molecular Probes) or endomucin antibodies and BrdU was detected using directly conjugated mouse anti-BrdU Alexa 488 (Molecular Probes).
Quantification of retinal vessel density, migration and lacunarity
Fields of views at the sprouting vascular front of the retinal vascular networks from control and mutant mice were captured by using the 40 objective lens and included regions of capillary-sized vessels directly adjacent to radial arterioles (Chang et al., 2007) . Vascular parameters were measured using the AngioTool software (Zudaire et al., 2011) . For each quantification, at least 4 fluorescent images /retina were taken from 4-5 mice. The data are presented as means +S.E.M. The statistical significance of differences among mean values was determined by one-way ANOVA and two-tailed t test statistical analysis was performed with a P value of <0.05.
RNA Isolation and quantitative analysis of mRNA
Quantitative analysis of mRNAs by qPCR was performed using TaqMan technology on ABI 7000 sequence detection system (Applied Biosystems) as previously described (Chintala et al., 2012) . The primers used are further described in the supplementary material Methods.
Immunofluorescence and immunoblotting
Immunohistochemical analyses of retinal tissue and protein analyses by Western imunoblotting were performed as previously described (Chintala et al., 2012) . For further details, see the supplementary material Methods.
Cell culture Infection, transfection and luciferase reporter assay
In vitro studies were performed with retinal ECs (Cellpro Labs) and maintained in culture according to the manufacturer's instructions. Cells at 80% confluence were transduced with adenoviral vectors and/or transfected with scrambled siRNA, CCN1 siRNAs (Qiagen) or luciferase reporter plasmids (e.g., CBF-1/RBP-JK driven promoter plasmid (Promega) and the pCMV-Cluc2 vector (New England Biolabs) containing the Cypridina luciferase gene as a control). Cells were incubated in low-glucose Dulbecco's Modified Eagle Medium without serum as previously described (Lee et al., 2007; Liu et al., 2008) and processed for analyses as described in the text. The proliferation rate of ECs was determined using the CyQUANT® Direct Cell Proliferation Assay (Invitrogen). Cell adhesion on individual extracellular matrix substrates was performed as previously described (Estrach et al., 2011; Liu et al., 2008) .
Immunoprecipitation
Total proteins (~10 mg) of cultured cell lysates were transferred to tubes with antibody bound protein G beads and rocked gently at 4°C overnight. Nonspecific bound proteins were removed with 5 washes with 1X PBS containing 1% NP-40. Immunoprecipitation products were extracted from the protein G beads using Laemmli sample buffer and were further analyzed by Western immunoblotting.
Rho GTPase activation pull-down, PI-3 kinase and SHP-1 activity assays
The activation of the Rho GTPases, RhoA, Cdc42 and Rac was determined as previously described (Han et al., 2003) using Activation Assay Biochem Kits (Cytoskeleton Inc). SHP-1 phosphatase activity in cell and tissue lysates was determined by immunoprecipitation of SHP-1 followed by a colorimetric assay using the SensoLyte pNPP protein phosphatase assay kit (AnaSpec). PI-3 kinase activity was determined using PI3 Kinase activity ELISA assay (Echelon Biosciences Inc). For further details, see the supplementary material Methods.
Statistical analyses
Statistical analyses were performed using the Prism software for Windows Version 4 from GraphPad Inc as previously described (Choi et al., 2013; Liu et al., 2008) . Development Accepted manuscript Development Accepted manuscript 
